Lactococcus lactis is a non-pathogenic bacterium that is used in the food industry but is also used as a heterologous host to reveal protein functions of pathogenic bacteria. The adhesin PspC from Streptococcus pneumoniae is a choline-binding protein that is non-covalently anchored to the bacterial cell wall. To assess the exclusive impact of pneumococcal surface protein C (PspC) on the interplay with its host we generated recombinant L. lactis producing a nisin-inducible and covalently anchored variant of PspC on the lactococcal cell surface. A translational fusion of the 59-end of pspC3.4 with the 39-end of hic (pspC11.4) was designed to decorate the surface of L. lactis with a chimeric PspC. The PspC3.4 part comprises the first 281 aa residues of PspC3.4, while the Hic sequence consists of the proline-rich and sortase-anchored domain. The results demonstrated that PspC is sufficient for adhesion and subsequent invasion of host epithelial cells expressing the human polymeric Ig receptor (hpIgR). Moreover, invasion via hpIgR was even more pronounced when the chimeric PspC was produced by lactococci compared with pneumococci. This study shows also for the first time that PspC plays no significant role during phagocytosis by macrophages. In contrast, recruitment of Factor H via the PspC chimer has a dramatic effect on phagocytosis of recombinant but not wild-type lactococci, as Factor H interacts specifically with the amino-terminal part of PspC and mediates the contact with phagocytes. Furthermore, L. lactis expressing PspC increased intracellular calcium levels in pIgR-expressing epithelial cells, thus resembling the effect of pneumococci, which induced release of Ca 2+ from intracellular stores via the PspC-pIgR mechanism. In conclusion, expression of the chimeric PspC confers adhesive properties to L. lactis and indicates the potential of L. lactis as a suitable host to study the impact of individual bacterial factors on their capacity to interfere with the host and manipulate eukaryotic epithelial cells.
INTRODUCTION
Streptococcus pneumoniae (pneumococci) is the aetiological agent of community-acquired pneumonia, septicaemia and bacterial meningitis, all associated with high morbidity and mortality (Cartwright, 2002) . Pneumococcal infections commence at the nasopharynx, where the bacteria reside as commensals without harming the host niche. Colonization of the respiratory mucosal epithelium is a prerequisite for invasive infections, which are most likely accompanied by dramatic changes in the nasopharyngeal physical barriers and the expression of pneumococcal virulence factors (Orihuela et al., 2004) . The repertoire of uptake systems for essential nutrients enables pneumococci to adapt to and survive in different physiological conditions. More importantly, pneumococci have a variety of virulence factors facilitating adherence to host cells and evasion from the host immune system. Pneumococcal adherence to host cells is, similar to other Gram-positive pathogens including Staphylococcus aureus and Streptococcus pyogenes, a multifactorial process. Attachment of S. pneumoniae to respiratory epithelial cells is mediated by serum or extracellular matrix proteins including complement Factor H, thrombospondin-1 and vitronectin (Agarwal et al., 2010b; Bergmann et al., 2009; Hammerschmidt et al., 2007; Rennemeier et al., 2007) . In addition, pneumococci produce surface proteins interacting directly with host cellular receptors such as the choline-binding protein PspC (pneumococcal surface protein C, also referred to as CbpA or SpsA), RrgA of Pilus-1, PavB and PsrP (Barocchi et al., 2006; Elm et al., 2004; Jensch et al., 2010; Orihuela et al., 2004; Zhang et al., 2000) . Although the repertoire of virulence factors and adhesins differs among pneumococcal isolates, redundant virulence factors must be present in pneumococci as mutations in single genes can be compensated for by others (Bergmann & Hammerschmidt, 2006; Kadioglu et al., 2008; Nobbs et al., 2009) . A typical characteristic of several pneumococcal surface-exposed proteins seems to be their multifunctional potential (Hammerschmidt, 2006) . The best characterized example is PspC, which has been reported as a Factor H binding protein and pneumococcal adhesin interacting with the human ectodomain of the polymeric immunoglobulin receptor (pIgR) (Dave et al., 2004; Elm et al., 2004; Hammerschmidt et al., 2000 Hammerschmidt et al., , 2007 Zhang et al., 2000) . The PspC-pIgR interaction was shown to induce signal transduction cascades in respiratory epithelial cells and mediates release of calcium from intracellular stores, which has been suggested to represent an immune defence mechanism of the host Agarwal et al., 2010a; Asmat et al., 2011) .
These and other data show the importance of PspC during the infectious process of S. pneumoniae. However, all previous studies were performed with isogenic pneumococcal mutants deficient in PspC. Hence, the effects or influences of other pneumococcal proteins on, for example, adherence or induced host immune responses cannot be fully excluded. Therefore, we intended to study the effects of PspC under conditions in which none of the other pneumococcal virulence factors or adhesins may influence the course of infection.
The non-pathogenic Lactococcus lactis has been shown to be an optimal organism to express and decipher the function of prokaryotic and eukaryotic proteins (Kunji et al., 2003 (Kunji et al., , 2005 Monné et al., 2005; Morello et al., 2008) . L. lactis was further reported to be more advantageous an expression host than Escherichia coli (Mierau & Kleerebezem, 2005; Zhou et al., 2006) and, with regard to pneumococcal PspC, the use of lactococci is preferred as PspC is again decorated on a Gram-positive cell surface. Thus, we expressed PspC on the surface of L. lactis and explored the role of PspC as an adhesin, and its role on bacterial ingestion in the absence and presence of Factor H, respectively, by 'professional' and 'non-professional' phagocytes. Finally, we analysed the impact of PspC produced by lactococci on calcium release by intracellular stores upon lactococcal incubation with pIgR-expressing cells.
METHODS
Bacterial strains and culture conditions. Bacterial strains and plasmids used in this study are detailed in Table 1 . L. lactis MG1363 (Gasson, 1983) was cultured statically at 30 uC in M17 broth (Oxoid) supplemented with 0.5 % glucose (GM17) to mid-exponential phase or grown on GM17 agar plates (Oxoid). Expression of PspC was induced by adding 1 mg nisin ml 21 (Sigma-Aldrich) to midexponential-grown recombinant lactococci.
Molecular biology methods. Plasmids and DNA fragments were isolated and then treated with restriction enzymes (NEB) according to the manufacturer's instructions. Ligations were transformed into E. coli DH5a and recombinant clones were analysed after plasmid preparation (Promega) with the corresponding restriction enzymes (NEB). PCRs were performed with Pfu Ultra II Fusion HS DNA polymerase (Agilent Technologies) and carried out as recommended by the supplier. PCR products were purified using the Zymoclean Gel DNA Recovery kit (Hiss). PCR primers were purchased from Invitrogen.
Cloning and expression of recombinant PspC in L. lactis. The shuttle vector pMSP3535 was digested with BamHI and XbaI. To exclude the choline-binding domain from PspC3.4 we amplified a gene fragment pspC9 using as template chromosomal DNA from S. pneumoniae TIGR4 with primers NPSPC (59-CGATGGATCCGTTT-GCATCAAAAAGCGAAG-39) and CPSPC (59-CGCCATGGTTTTT-CTTTAACTTTATCTTC-39) (Tettelin et al., 2001) . Two PCR products of 850 bp and 1.3 kb were obtained. Due to false priming of the CPSPC primer, this additional 850 bp fragment was amplified to give the first 281 aa of PspC3.4 including the signal peptide. To localize PspC on the surface of L. lactis the C-terminal part of Hic (PspC11.4), which starts at amino acid 266 with a proline-rich region and includes a sortase recognition sequence (LPXTG motif), was translationally fused using chromosomal DNA from S. pneumoniae strain A66 (Janulczyk et al., 2000) as template and primers IHIC (59-CGCCATGGGAAACTCCGCAGCCGGAAAC-39) and CHIC (59-GCTCTAGACTATTTC ATTCTTTTCTTAGC-39), resulting in hic9. The PCR product of pspC9 contained a BamHI and an NcoI site while the hic9 amplicon contained NcoI and XbaI sites. The purified PCR products were digested with the corresponding restriction enzymes and ligated into the BamHI/XbaI site of pMSP3535 to generate plasmid pGKK1. The coding sequence of pspC was confirmed by DNA sequencing (Eurofins MWG Operon). Sequence analyses were performed with the BLAST programmes from the NCBI database. Recombinant plasmids were first selected after transformation into E. coli DH5a, and pGKK1 or pMSP3535 was then transformed into Wells et al. (1993) .
Immunoblot analysis. Induced recombinant L. lactis expressing PspC was disrupted by ultrasonication (three times for 30 s; Bandelin sonoplus GM70) followed by centrifugation at 12000 g for 20 min. Fifty micrograms of the soluble protein extract was fractionated by SDS-PAGE using a separation gel with 10 % polyacrylamide and transferred to reinforced nitrocellulose membranes. To prevent nonspecific binding, the immobilized proteins were blocked with polyclonal antiserum raised in mice against total lactococcal proteins. The immobilized protein bands were probed with rabbit polyclonal anti-PspC serum (1 : 500 in PBS) generated against the PspC-SH2 derivative comprising the complete amino-terminal part of PspC2.1 (Hammerschmidt et al., 2000) . Membranes were washed three times followed by 1 h incubation with horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature. Thereafter, antibody binding was detected using enhanced chemiluminescence (Amersham Biosciences). Binding of Factor H or the secretory component (SC) of human polymeric Ig receptor (hpIgR) to heterologously expressed PspC was studied by far Western blot analysis. Briefly, the transferred proteins on the nitrocellulose membrane were incubated with 10 mg Factor H or free SC. Bound Factor H was detected with goat polyclonal anti-FH serum (1 : 600) and SC with rabbit polyclonal anti-SC serum (1 : 1000; Hammerschmidt et al., 2000) . Antibody binding was visualized with secondary antibodies conjugated with alkaline phosphatase and NBT/BCIP (Serva GmbH) colorization.
Flow cytometry analysis. Detection of surface-located PspC was performed with induced L. lactis by flow cytometry. L. lactis (5610 7 c.f.u.) was resuspended in 50 ml PBS supplemented with 0.5 % fetal calf serum (PBS/FCS) and incubated with anti-lactococcal serum generated in mice at a dilution of 1 : 50 in PBS for 30 min on ice. Bacteria was centrifuged at 2500 g, washed with PBS/FCS and then incubated with anti-PspCSH2 rabbit serum (Hammerschmidt et al., 2000) for 30 min. After washing with PBS/FCS, a Cy5-conjugated goat anti-rabbit IgG (Dianova) was added at a dilution of 1 : 200. After 30 min incubation on ice, bacteria were washed again with PBS/FCS buffer and fixed with 2 % paraformaldehyde in a total volume of 300 ml overnight at 4 uC. Flow cytometry was performed using a FACS Calibur (Becton Dickinson), and CellQuestPro Software 6.0 was employed for data acquisition and WinMDI 2.9 (http://facs.scripps. edu/software.html) for data analysis. Gating and selection of the parameters was done with control samples (unstained and Cy5-IgGincubated bacteria) and the fluorescence intensity (FL-4) for 20 000 gated events was measured.
Reagents and antibodies. Human Factor H was purchased from Calbiochem. Digitonin and EGTA were obtained from SigmaAldrich. Indo-1/AM was obtained from Invitrogen, and trypsin (without EDTA) from PAN-Biotech. U73122 and U73343 were obtained from Axxora. 2-Amino-biphenyl borate (2-APB) was obtained from Roth. HRP-conjugated goat anti-rabbit antibody was purchased from Dako. Sera against L. lactis MG1363 were raised in mice: 10 9 c.f.u. L. lactis in PBS were heat-inactivated by boiling and injected intraperitoneally with the same volume of incomplete Freund's adjuvant in mice. Two weeks post-immunization, a boost was conducted using the same amount of bacteria in incomplete Freund's adjuvant. To enhance the antibody titre, boosting was repeated 2 weeks later. Blood was collected by retro-orbital puncture. The serum obtained was divided into 50 ml portions and stored at 220 uC.
Cell culture and infection experiments. Madin-Darby canine kidney (ATCC CCL-34) epithelial cells stably transfected with the hpIgR cDNA in pCB6 (MDCK-hpIgR) were cultured in Eagle's minimum essential medium, while human A549 cells (lung alveolar epithelial cells, type II pneumocytes: ATCC CCL-185) were cultured in Dulbecco's modified Eagle's medium (DMEM). Both cell types were further supplemented with 10 % fetal bovine serum (FBS), 2 mM glutamine, penicillin G (100 IU ml 21 ) and streptomycin (100 mg ml 21 ) (all from PAA Laboratories) at 37 uC under 5 % CO 2 . Epithelial cells were seeded on glass coverslips (diameter 12 mm) or directly in wells of a 24-well plate (Cellstar; Greiner). Cells at 5610 4 per well were cultivated to cell monolayers with approximately 2610 5 cells per well ). Prior to infection, lactococci were pre-incubated with or without 3 mg Factor H for 30 min at 30 uC under 5 % CO 2 and the cells were washed three times with DMEM containing HEPES (DMEM-HEPES; PAA Laboratories) supplemented with 1.0 % FBS. Host cells were infected as described at an m.o.i. of 50 bacteria per host cell. Infections were carried out for 3 h at 30 uC and under 5 % CO 2 . To remove unbound bacteria from the supernatant of the infection experiment, host cells were thoroughly washed with DMEM-HEPES. For total bacterial counts, cells were lysed with 1 % saponin. For enumeration of internalized bacteria, an antibiotic protection assay was employed. Briefly, the infected cells were washed to remove unbound bacteria and then incubated in the presence of 100 mg penicillin per well for 1 h at 30 uC and under 5 % CO 2 followed by cell lysis with 1 % saponin. The infection dose (c.f.u.) per well was controlled by serial plating of recombinant lactococci on GM17 agar plates containing erythromycin (5 mg ml 21 ).
Measurement of intracellular calcium fluxes. Intracellular calcium measurements were performed as described previously (Asmat et al., 2011) . Briefly, monolayers of epithelial cells were trypsinized and treated with indo-1/AM (5 mmol l
21
) in HEPESbuffered saline for 30 min in the dark at 37 uC with gentle shaking, followed by washing and further incubation for 30 min at 37 uC (recovery period). Cells were then treated with the inhibitors (U73122, U73343 or 2-APB) during the recovery phase. Thereafter, the cells were washed again and finally resuspended in 3 ml HEPESbuffered saline in the methacrylate cuvette (Sarstedt) of a FluoroMax-3 spectrofluorimeter (HORIBA Jobin Yvon). Calcium concentrations were calculated using the equation for single-wavelength measurements and a binding constant (K d ) between indo-1 and Ca 2+ of 250 nmol l 21 , as reported by Grynkiewicz et al. (1985) .
To determine the effects of lactococci on intracellular calcium levels ([Ca 2+ ] i ) in epithelial cells, lactococci at an m.o.i. of 50 bacteria per host cell were used. The bacteria were added to the cuvette 5 min after starting the measurement of intracellular calcium concentration.
Phagocytosis experiments, antibiotic protection assays and double immunofluorescence microscopy. Phagocytosis assays were conducted with J774A.1 murine macrophages (DSMZ) as described previously (Härtel et al., 2011) . The number of intracellular and viable lactococci was then quantified by the antibiotic protection assay. All experiments were performed at least three times in duplicate. Lactococci, phagocytosed or attached to macrophages, were visualized by double immunofluorescence (DIF) microscopy. Briefly, 2.5610 4 macrophages were seeded onto glass coverslips (12 mm diameter) or directly in wells of a 24-well plate (Cellstar; Greiner) and the confluent cell layer was infected with lactococci after 2 days. After 30 min of infection, unbound bacteria were removed by washing with medium, the infected host cells were fixed on the glass coverslips with 3.7 % paraformaldehyde and DIF microscopy was carried out as described above. Briefly, extracellular lactococci were stained using the polyclonal anti-lactococci antiserum and secondary goat anti-mouse IgG coupled to Alexa-Fluor-488 (green) (Invitrogen). Intracellular bacteria were stained with Alexa-Fluor-568 (red) (Invitrogen) after permeabilization of the cells with 1 % saponin and anti-lactococcal antiserum as primary IP: 54.70.40.11
On: Sat, 27 Jul 2019 06:47:52 antibody. The stained samples were viewed with a confocal laser scanning microscope (Zeiss LSM510Meta) and LSM510 software was used for image acquisition.
Statistical analysis. Results reported are the mean±SD of three independent experiments. Results were statistically analysed using the paired two-tailed Student's t-test and a value of P,0.05 was accepted as indicating significance.
RESULTS

Cloning and controlled heterologous expression of a chimeric PspC
The pneumococcal surface protein PspC from S. pneumoniae contains a choline-binding domain in the C-terminal part of the protein necessary for its non-covalent binding on the cell surface of this bacterium. L. lactis lacks choline on its cell surface. To decorate the cell surface of lactococci with PspC, a translational fusion with a sortase anchoring motif was designed taking the C-terminal part of the PspC-like protein Hic (PspC11.4) from strain A66 (Iannelli et al., 2002) . For controlled expression of this modified PspC in the heterologous host L. lactis MG1363, the shuttle vector pMSP3535 was used (Bryan et al., 2000) . The generated recombinant plasmid pGKK1 allowed expression of this gene construct under the control of the PnisA promoter. DNA sequencing and the deduced amino acids revealed that the N-terminal part of this modified PspC contains the a-helical domain comprising the Factor H binding domain (Lu et al., 2006; Luo et al., 2005) and one SC-binding domain, designated R domain (Luo et al., 2005) , which includes the SC recognition motif RRNYPT (Hammerschmidt et al., 2000) . To confirm and detect the recombinant PspC, an immunoblot analysis was performed from soluble protein extracts and with anti-PspC-SH2 antiserum (Fig. 1a) to visualize the PspC protein migrating with an expected size of 80 kDa. This PspC variant was able to bind Factor H and free SC, representing the ectodomain of hpIgR, as indicated by far Western blot analyses (Fig. 1a) .
Furthermore, we explored whether the recombinant lactococci have PspC on their cell surface. For this, a qualitative analysis was performed by immunofluorescence microscopy after staining PspC-expressing lactococci with anti-PspC antiserum and secondary Cy5-labelled antibodies. The results revealed PspC on the surface of recombinant lactococci while no signal was obtained for lactococci harbouring only the shuttle plasmid (Fig. 1b) . To assess the quantity of PspC produced on the lactococcal surface and the number of L. lactis cells positive for PspC, a flow cytometric approach was used. Flow cytometry after staining of surface-exposed PspC using anti-PspC antiserum and Cy5-labelled secondary antibodies demonstrated that~40 % of L. lactis cells were positive for PspC on the cell surface (Fig. 1c) .
PspC-hpIgR-mediated invasion and adherence of recombinant lactococci and effect of human Factor H on host cell invasion To assess the role of PspC for colonization and uptake of bacteria by host cells when produced by recombinant lactococci, adherence to and internalization by MDCKhpIgR or A549 host epithelial cells were determined 3 h post-infection. Lung epithelial cells A549 do not produce hpIgR (Elm et al., 2004) , but are positive for integrins binding Factor H (Agarwal et al., 2010b) . Cell culture infection assays were carried out in the absence of any host protein or after pre-incubation of lactococci with 3 mg Factor H. The results revealed a significant increase in uptake of PspC-expressing lactococci by hpIgR-expressing cells compared with control lactococci harbouring only the vector pMSP3535 (Fig. 2a, c) . Similarly, the adherence of PspC-positive lactococci was enhanced (Fig. 2b) . No effect was observed when using A549 cells, demonstrating that PspC interacts in the absence of other host proteins only with the pIg receptor (Fig. 2d, e ). The presence of Factor H promoted adherence to and internalization of PspCexpressing lactococci by epithelial cells MDCK-hpIgR and A549 while this effect was not observed for control lactococci (Fig. 2d, e) . To visualize the enhanced adherence and invasion of PspC-expressing lactococci, double immunofluorescence staining was performed. The highest numbers of internalized bacteria were observed when PspC-expressing lactococci were pre-incubated with Factor H (Fig. 2c) . Strikingly, the efficiency of internalization of PspC-expressing L. lactis appeared to be relatively high, as even a low number of attached bacteria resulted in intracellular lactococci, as shown by immunofluorescence microscopy (Fig. 2c) .
Phagocytosis of recombinant lactococci by macrophages
To estimate the impact of PspC on phagocytosis, macrophages J774A.1 were incubated with recombinant lactococci. Macrophages were incubated with PspC-expressing or control lactococci. Thirty minutes post-infection, extracellular bacteria were killed by antibiotic treatment and host cells were permeabilized to recover intracellular bacteria. The number of recovered and intracellular viable lactococci was determined by plating on GM17 agar plates. The results revealed that Factor H increased phagocytosis, as the number of viable bacteria recovered increased when PspC was produced by lactococci (Fig. 3a) . However, the phagocytosis assays further demonstrated for the first time that PspC is neither able to prevent nor promotes uptake by 'professional' phagocytes as there were no changes in the number of intracellular PspC-positive lactococci compared with wild-type lactococci. To confirm these data, lactococcal attachment to and ingestion by macrophages were visualized by DIF staining and microscopy. The images indicated that the number of intracellular bacteria increased in the presence of Factor H (Fig. 3b) .
Ca
2+ flux mediated by lactococci is PspC-hpIgR dependent
We have recently reported that pneumococcal infection stimulates PspC-hpIgR-mediated calcium influx in host epithelial cells and induced mobilization of intracellular free Ca 2+ from intracellular stores. Furthermore, the experimental reduction of [Ca 2+ ] i facilitated pneumococcal internalization by hpIgR-expressing cells, while elevated calcium levels diminished bacterial internalization by host epithelial cells (Asmat et al., 2011) . Therefore, we determined the Ca 2+ flux in recombinant lactococci expressing the PspC chimera. To measure [Ca 2+ ] i the cell-permeable fluorescent probe indo-1/AM was employed. The presence of PspC-expressing lactococci significantly increased indo-1 fluorescence to~400 nM in MDCK-hpIgR cells 5 min after addition of lactococci compared with control cells (Fig. 4a) . In contrast, PspCdeficient lactococci were unable to mediate the abovementioned calcium influx (Fig. 4b) . Hence, we were able to demonstrate that the recombinant lactococci endowed with chimeric PspC on the surface have the same effect on Ca 2+ flux as does S. pneumoniae. Furthermore, we also confirmed that this calcium release is from intracellular stores and can be blocked by employing 2-APB (Fig. 4c) . 2-APB is a pharmacological substance, commonly used as an InsP3 receptor antagonist (Birnbaumer et al., 2000; Boulay et al., 1999; Wu et al., 2000) . These results validated the results of our previous studies conducted with pneumococci. Finally, we demonstrated that this calcium mobilization follows the phospholipase C (PLC) pathway, as has been reported for the pneumococcal PspC-hpIgRmediated interaction (Asmat et al., 2011) . For this, cells were pretreated with U73122, a specific inhibitor of PLC. The results revealed that the interaction of lactococcal PspC with hpIgR on epithelial cells mediates calcium release from intracellular stores, similar to that of pneumococci, and can be blocked by employing the PLC inhibitor. In contrast with U73122, its inactive analogue U73343 had no effect on Ca 2+ release mediated by recombinant lactococci (Fig. 4c) .
DISCUSSION
In this study L. lactis was chosen as a model host to analyse the virulence factor PspC from S. pneumoniae, as has been reported elsewhere for expression of several heterologous proteins (Enouf et al., 2001; Miyoshi et al., 2002) . The socalled NICE system used for this study (nisin-induced IP: 54.70.40.11
On: Sat, 27 Jul 2019 06:47:52 controlled expression) was first developed and described by de Ruyter et al. (1996) . L. lactis harbouring pGKK1 expressed chimeric PspC after induction with nisin and we were able to demonstrate that PspC is translocated through the lactococcal membrane and anchored into the peptidoglycan by a host-specific sortase cleavage as monitored by fluorescence microcopy and flow cytometry (Hammerschmidt et al., 2000) . PspC3.4 contains two of these motifs located between amino acid residues 202 and 207 and amino acid residues 355 and 360, respectively. The N-terminal part of the PspC variant used in this study contains the first 281 aa residues of PspC3.4 and thus includes the domain required for binding of Factor H (residues 38-158), which includes the conserved 12 aa Factor H binding motif (Lu et al., 2003) . Factor H is known to interact with PspC by two sites mapped in the short consensus repeats (SCR8-11 and SCR19-20) (Hammerschmidt et al., 2007) . In addition, PspC contains the hpIgR interaction site in two R domains with the conserved motif RRNYPT. In our gene construct, only one R domain for binding with the SC of hpIgR is present and is sufficient to allow adherence and invasion of recombinant lactococci into MDCK-hpIgR cells. This is in agreement with previous studies (surface plasmon resonance analysis) where even more rapid binding was observed when only one R domain is present (Elm et al., 2004; Luo et al., 2005) . The gene fusion with the pspC-like hic gene adds the C-terminal part of Hic from aa 266 to 612. Thus, the gene fusion encodes a total of 637 aa, which is larger than PspC or Hic. Due to this gene fusion the modified recombinant PspC has an extended proline-rich region from Hic. It has been suggested that the proline-rich region increases the flexibility of the protein. However, it cannot be excluded that this might interfere with the protein stability in L. lactis. L. lactis has an extracellular protease encoded by htrA which is involved in degradation of recombinant proteins (Poquet et al., 1998) .
L. lactis is widely used as a model organism for heterologous expression of bacterial as well as eukaryotic proteins or viral antigens (Zhou et al., 2006) . Here we showed that virulence factors such as PspC can be expressed in lactococci and that these recombinant clones have similar effects on host epithelial cells to S. pneumoniae. This also implies that the heterologously expressed PspC is functional in other Grampositive bacteria and no significant difference in growth rates was observed between lactococci expressing or lacking PspC. Several studies have reported the necessity of a PspC-hpIgR interaction for pneumococcal adhesion to and internalization by host epithelial cells Bergmann & Hammerschmidt, 2006; Hammerschmidt et al., 1997 Hammerschmidt et al., , 2007 .
Due to the lower abundance of chimeric PspC on the lactococcal cell surface, adherence of recombinant lactococci to MDCK-pIgR cells is reduced compared with pneumococci even in the presence of Factor H, although they internalized more efficiently. Furthermore, the involvement of a PspC-hpIgR interaction was confirmed by using A549 human lung epithelial cells, which lack pIgR. However, Factor H promoted the internalization of PspCexpressing lactococci, in agreement with previous reports (Agarwal et al., 2010b; Hammerschmidt et al., 2007) .
In addition, this study has elucidated the role of PspC in bacterial phagocytosis by specialized macrophages. Interestingly, our results demonstrate that PspC had no key role during phagocytosis. On the contrary, chimeric PspC-expressing lactococci were phagocytosed twice as efficiently in the presence of Factor H as compared with infections in the absence of Factor H (Fig. 3) . In this scenario, Factor H is recruited via PspC to the lactococcal surface and phagocytosis is enhanced due to binding of Factor H to the complement receptor 3 of murine macrophages (Agarwal et al., 2010b; Mihlan et al., 2009) . Recently, we reported that pneumococcal infection via PspC-hpIgR mediates calcium release from intracellular stores of host cells and this mobilization of calcium was assumed to be a defence response of host cells. In this study, ] i was measured.
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chimeric PspC-expressing lactococci also mediated calcium influx, as has been reported for pneumococci (Asmat et al., 2011) . However, it is noteworthy that calcium influx in response to lactococci was lower (400 nM) than the response observed for pneumococci (600 nM).
Taken together, the results demonstrated the potential of L. lactis as a suitable host to study the impact of individual virulence factors on their capacity to manipulate eukaryotic epithelial cells and interfere with the host. We were able to demonstrate that the lactococcal surface expression of just a single pneumococcal virulence factor, which is involved in adhesion and host cell manipulation, gives the lactococci adhesive properties such that they have similar effects on adherence to epithelial cells to the human pathogen S. pneumoniae. These data validate the results of previous studies regarding the role of PspC and point to an approach to further explore the PspC-hpIgR interaction and signalling response in epithelial cells by expressing PspC by non-pathogenic L. lactis.
